Abstract. In order to help elucidate the process of epiblast and trophoblast cell differentiation in bovine embryos in vitro, we attempted to develop a suitable culture medium to allow extended embryo culture. Day 7 bovine blastocysts developed in conventional medium were cultured further in embryonic stem cell medium with or without leukaemia inhibitory factor (LIF) until Day 23. At Day 14, the expression of octamer-binding transcription factor 3/4 (OCT3/4) and VIMENTIN was significantly higher in embryos cultured with than without LIF, but embryonic disc formation was not observed. Although expression of SRY (sex determining region Y)-box 17 (SOX17) mRNA was significantly lower in Day 14 embryos cultured with and without LIF than in in vivo embryos, hypoblast cells formed just inside the trophoblast cells of the in vitro-cultured embryos. On Day 23, expression of placental lactogen (PL) and prolactin-related protein 1 (PRP1) was not affected by LIF in in vitro-cultured embryos, levels of both genes were significantly lower in the in vitro than in vivo embryos. Similar to in vivo embryos, binucleate cell clusters seen in Day 23 in vitro-cultured embryos were composed of PL-negative and -positive cells. These results suggest that our culture system partially reproduced the differentiation process of trophoblast cells in vivo.
Introduction
Bovine embryos generally hatch 8-9 days after fertilisation and begin to transform from a spherical shape into an ovoid, tubular and filamentous shape. The process of cell differentiation continues until implantation, which occurs around Days 20-23 (Maddox-Hyttel et al. 2003; Degrelle et al. 2005; Blomberg et al. 2008) . This early period of gestation is crucial for embryo survival, because embryo loss can frequently occur. However, detailed information relating to the developmental processes between hatching and implantation is still lacking.
Several in vitro culture systems for bovine embryos after hatching have been investigated, for example using agarose gel tunnels and/or collagen gel substrates (Brandão et al. 2004; Vajta et al. 2004; Alexopoulos et al. 2005) . These systems induce embryo elongation and initial differentiation, but progressive degeneration of the epiblast has been observed in elongated embryos, and the differentiation of binucleate cells from trophoblast cells has not been detected (Brandão et al. 2004; Vajta et al. 2004; Alexopoulos et al. 2005) .
In a previous study we established bovine embryonic stem (ES)-like cells from the bovine inner cell mass (ICM; Furusawa et al. 2013) and showed that recombinant human leukaemia inhibitory factor (LIF) was indispensable for the establishment of these cells. LIF maintains pluripotency in mouse ES cells and inhibits the differentiation of these cells (Smith et al. 1988 ). In addition, endometrial LIF may be crucial for murine implantation; transgenic mice lacking LIF produced normal embryos, but transgenic embryos and transferred wild-type embryos failed to implant (Stewart et al. 1992) . In humans, endometrial LIF is an essential cytokine for implantation because it regulates trophoblast differentiation (Nachtigall et al. 1996) . In cattle, LIF is present in oviduct epithelial cells (Reinhart et al. 1998) and in the endometrium of the uterus (Oshima et al. 2003) . The LIF receptor subunit gp130 and LIF receptor b (LIFR-beta) mRNA are both expressed in bovine blastocysts (Eckert and Niemann 1998; Rizos et al. 2002) . Oshima et al. (2003) also reported that LIF affects the development and differentiation of blastocysts. Based on these reports, we speculated that ES cell medium containing LIF would prevent degeneration of the epiblast and thus support cell differentiation in cultured bovine embryos.
In this study we compared gene expression patterns and morphological changes between embryos cultured in ES cell medium with or without LIF, as well as with embryos produced in vivo.
Materials and methods

Animal ethics approvals
The protocols regarding the use of animals were approved by the Animal Care Committee of the National Institute of Agrobiological Sciences ) and the Institute of Livestock and Grassland Science, National Agriculture and Food Research Organization (Approval number: 1711C026).
In vitro embryo culture
Ovaries were obtained at a local slaughterhouse. Cumulusoocyte complexes (COCs) were collected by aspiration from follicles 3-5 mm in diameter. IVM and IVF were performed as described previously (Hosoe and Shioya 1997) . Following IVF, putative zygotes were cultured in synthetic oviductal fluid with amino acids (SOFaa) at 38.58C in 5% O 2 , 5% CO 2 and 90% N 2 for 3 days; cleaved embryos were then placed in SOFaa with 27.7 mM glucose for 4 days. On Day 7 (where Day 0 is the day of insemination), when the embryos were at the blastocyst stage, the culture medium was changed to ES cell medium consisting of KnockOut-Dulbecco's modified Eagle's medium (DMEM) supplemented with 2 mM GlutaMAX-I, 1% minimum essential medium (MEM) non-essential amino acids, 1% antibioticantimycotic liquid, 10% fetal bovine serum (FBS; all from Invitrogen) and 0.5 mM monothioglycerol (instead of bmercaptoethanol; Wako Pure Chemical), with or without 20 ng mL À1 recombinant human LIF (prepared according to the methods described by Furusawa et al. 2013) . Hatched embryos that attached to the bottom of the cell culture dish were detached each day by pipetting. After Day 8, a half volume of medium was changed with fresh medium every other day. Degenerated and shrunken embryos were removed. The number of embryos, and their diameter, was recorded on Days 10, 14, 17, 20 and 23. The embryo survival rate is expressed as the mean AE s.d. Embryo culture experiments were replicated four times. For gene and protein expression analyses, cultured embryos were collected at Days 14, 17, 20 and 23, and the embryo culture experiment was replicated at least three times.
Collection of in vivo-derived embryos As a control, in vivo-derived embryos were flushed and collected non-surgically from the uteri of superovulated and artificially inseminated Japanese Black cows on Day 14. Superovulation was induced in six cows by administration of a total of 20 mg FSH (Antrin R10; Kyoritsu Seiyaku) twice daily for 3 days in decreasing doses (5, 5, 3, 3, 2 and 2 mg). Embryos were recovered on Days 17, 20 and 23 from artificially inseminated cows after they had been killed. At least three intact embryos were collected on each sampling day. These embryos were used for quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR) and histochemical analysis.
Quantitative RT-PCR Total RNA (,1.0 mg) was isolated from embryos using an RNeasy Micro kit (QIAGEN) with DNase treatment and subjected to oligo-dT primed reverse transcription in a total reaction volume of 20 mL using a Primer Script 1st Strand cDNA Synthesis Kit (TaKaRa) according to the manufacturer's instructions. The PCR was performed using a LightCycler 480 SYBR Green I (Roche) on a LightCycler 480 (Roche). Sequences for the gene-specific primer sets used in this PCR are given in Table 1 . The reaction conditions for the PCR were as follows: 958C for 5 min, followed by 45 cycles of denaturation at 958C for 10 s, primer annealing at 648C for 5 s and elongation at 728C for 10 s. A fluorescent signal was read after each cycle following elongation at 728C. The relative difference in the amount of each cDNA was determined by comparing C t values. Standard curves were generated for each gene by serially diluting plasmids containing the sequences of each individual gene to quantify mRNA concentrations. Bovine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous control for normalisation. The primer set for interferon-t (IFNT) was designed to detect most IFNT variants. All values are presented as the mean AE s.d.
Histochemical analysis and immunochemistry
Day 14 embryos produced in vivo and in vitro were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) at 48C and embedded in paraffin using a conventional protocol. Thereafter, 5-mm sections were cut and used for haematoxylineosin (HE) staining.
For immunostaining, Day 20 and Day 23 embryos produced in vivo and in vitro were fixed, washed with PBS containing 0.1% Triton X-100 (PBTX) and blocked with PBTX containing 10% FBS for 1 h at room temparature. The tissues were then incubated with primary placental lactogen (PL) antibody (1 : 500 dilution; rabbit polyclonal anti-bovine PL antibody; Nakano et al. 2001) in PBTX containing 10% FBS overnight at 48C. After three washes with PBTX containing 10% FBS and three washes with PBTX, a fluorescence-labelled secondary antibody (1 : 500 dilution; AlexaFluor 488 goat anti rabbit IgG; Molecular Probe, Thermo Fisher Scientific) in PBTX containing FBS was applied for 1 h at room temperature. After washing with PBTX containing FBS, embryos were incubated with 10 mg mL À1 propidium iodide for 5 min, washed with PBTX and then observed under an epifluorescence microscope (BZ-X710; KEYENCE).
Statistical analysis
The embryo survival rate was compared between groups using a Chi-squared test, whereas diameter was evaluated using Student's t-test. The embryo culture experiment was replicated four times. A t-test was used to compare the results of qRT-PCR. At least three embryos were used for analysis. GAPDH expression was used for standardisation. Two-sided P , 0.05 was considered significant.
Results
In vitro culture After Day 7, the respective survival rates of hatched embryos in culture medium with and without LIF (n ¼ 56 and 53 embryos respectively; n ¼ 4 replicates) were 92.3 AE 16.9% and 87.5 AE 3.2% at Day 10, 72.7 AE 7.6% and 71.7 AE 12.9% at Day 14, 57.0 AE 7.5% and 64.4 AE 14.1% at Day 17, 50.1 AE 11.9% and 45.0% AE 17.3% at Day 20 and 35.7% AE 7.1% and 33.3 AE 9.4% at Day 23 (Fig. 1a ). There were no significant differences between the two groups in survival rate throughout the culture period. The respective mean diameter of embryos developed in culture medium with and without LIF was 0.47 and 0.50 mm at Day 10, 0.86 and 1.11 mm at Day 14, 1.41 and1.49 mm at Day 17, 1.55 and 1.22 mm at Day 20 and 1.51 and 1.30 mm at Day 23 (Fig. 1b) . There were no significant differences between the two groups in the mean diameter of embryos throughout the culture period.
Quantitative RT-PCR
The expression levels of differentiation marker genes were compared between embryos cultured in ES cell medium with or without LIF at Day 14 ( Fig. 2) and Day 23 (Fig. 3) . On Day 14, the expression of the ICM and epiblast markers octamer-binding transcription factor 3/4 (OCT3/4) and VIMENTIN was significantly higher in embryos cultured with than without LIF. Although there were no significant differences between the two groups, expression of NANOG (an ICM and epiblast marker), E-CADHERIN (an ICM and epiblast marker), SRY (sex determining region Y)-box 17 (SOX17; a hypoblast marker), caudal type homeobox 2 (CDX2; a trophoblast marker) and IFNT (a trophoblast marker) tended to be higher in embryos cultured with LIF. On Day 23, there were no significant differences in the expression of PL (placental cell marker), prolactin-related protein 1 (PRP1; placental cell marker) and BCL2 (an antiapoptotic protein) in embryos cultured with and without LIF. Next, the expression of differentiation marker genes were compared between embryos produced in vivo and those cultured in ES cell medium with LIF on Days 14, 17, 20 and 23 (Fig. 4) . On Days 14 and 23, levels of OCT3/4 and SOX17 were significantly lower in in vitro than in vivo embryos, but there were no significant differences in the expression of these genes on Days 17 or 20. CDX2 expression on Days 14 and 17 was significantly lower in in vitro than in in vivo embryos, but there were no significant differences between the two groups on Days 20 or 23. Although there were no significant differences in IFNT expression on Days 14, 17 and 23 between the in vitro and in vivo embryos, on Day 20 IFNT levels were one-third lower in in vitro than in in vivo embryos. The placental cell marker genes PL and PRP1 were detected on Days 20 and 23 in both in vitro and in vivo embryos, but the levels of both mRNAs were significantly lower in in vitro than in vivo embryos. Fig. 5 shows stereomicroscopic images (Fig. 5a, b , e, f ) and HEstained images (Fig. 5c, d, g, h) of Day 14 in vivo (Fig. 5a-d ) and in vitro (Fig. 5e-h ) embryos. The morphology of in vivo embryos changed from spherical to ovoid, tubular or filamentous (Fig. 5a, c) , whereas the shape of in vitro embryos remained spherical (Fig. 5e, g ) even though these embryos were growing in size. Embryonic disc formation was observed in Day 14 in vivo embryos (Fig. 5b, d ) ; however, in Day 14 in vitro embryos, cells derived from the ICM appeared to be degenerating (Fig. 5h) . Hypoblast cells developed just inside the trophoblast cells in both in vivo and in vitro embryos (Fig. 5c, g ).
Histochemical analysis and immunochemistry
Immunostaining revealed that PL-positive cells were present in Day 20 embryos produced both in vivo (Fig. 6a, c) and in vitro (Fig. 6d, f ) , and these cells were almost all mononucleate (Fig. 6c, f ) . PL-positive mononucleate cells were distributed both individually and in groups. A few binucleate cells were observed in Day 20 in vivo and in vitro embryos (data not shown). Immunostaining also revealed that PL-positive cells were present in Day 23 in vivo (Fig. 7a-f ) and in vitro (Fig. 7g-l) embryos, and these cells were almost all binucleate. Binucleate cells formed clusters (Fig. 7e, k) that contained both PL-positive and -negative cells in in vivo and in vitro embryos (Fig. 7f, l) . Binucleate cell clusters were abundant in in vivo embryos (Fig. 7a-c) , but much less frequent in in vitro embryos (Fig. 7g-i) .
Discussion
In this study we showed that the expression of ICM and epiblast marker genes was higher in Day 14 embryos cultured with than without LIF, and the embryo culture system using ES cell medium enabled bovine trophoblast cells to differentiate into binucleate cells. In addition, we confirmed the expression of PL in Day 20 and 23 embryos produced in vitro. The timing of the appearance of PL-positive binucleate cells in this study was consistent with previous reports (Morgan et al. 1989) . Thus, binucleate cell differentiation can occur punctually without support from the endometrium or chemical induction for differentiation in vitro. In a previous study, Vajta et al. (2004) reported that on Day 16, 3% (2/67) of embryos survived in SOFaa supplemented sodium citrate and myo-inositol and 5% calf serum on an agarose gel tunnel. Alexopoulos et al. (2005) reported that all embryos degenerated in protein-free SOFaa supplemented sodium citrate and myo-inositol, or with 5% bovine serum albumin (BSA), but that 12% of embryos survived in SOFaaci with 5% FCS on collagen gels at Day 21. In the present study, the survival rate on Day 23 of embryos cultured with or without LIF was 35.7% and 33.3% respectively. This suggests that some components in the ES cell medium, except LIF, support embryo survival. It has been reported that b-mercaptoethanol increases the number of blastocyst cells and assists embryo survival after vitrification and thawing (Nedambale et al. 2006) . Therefore, providing b-mercaptoethanol or monothioglycerol in the ES cell medium may be beneficial to embryo survival.
In previous studies, the addition of recombinant human LIF to the culture medium improved the rate of development to the morula and blastocyst stages (Fukui and Matsuyama 1994; Neira et al. 2010) , increased the hatching rate after bovine embryo freezing (Han et al. 1995) and increased pregnancy rates after ovine embryo transfer (Fry et al. 1992) . Moreover, bovine embryos cultured in SOF with BSA remained viable until Day 9, whereas those cultured in human ES cell medium containing five inhibitors and LIF remained viable until Day 24, even though disc formation failed (Brinkhof et al. 2017) . In the present study we showed that LIF can contribute to ICM and epiblast cell survival to Day 14, although it could not contribute to disc formation. LIF did not support the differentiation of hypoblast cells (SOX17 expression) and binucleate cells (PL and PRP1 expression), or prevent apoptosis (BCL2 expression). These data suggest that LIF supports the maintenance of undifferentiated cells (ICM and epiblasts), but has no effect on the induction of differentiation in hatched bovine embryos. Because the embryonic disc had not been formed, cultured embryos may become trophoblast vesicles with hypoblasts cells after Day 14 in culture. In future studies, it will be necessary to screen other candidate supplements, for example compounds derived from the endometrium of a pregnant uterus.
In our culture system, hypoblast cell differentiation was observed. Expression of the hypoblast cell marker SOX17 was also detected, although expression levels were relatively low. Because hypoblast cell differentiation was also observed in
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In vitro previous studies (Brandão et al. 2004; Vajta et al. 2004; Alexopoulos et al. 2005; Vejlsted et al. 2006; Brinkhof et al. 2017) , the differentiation process may occur spontaneously, regardless of the culture conditions. Expression of CDX2 is known to be restricted in bovine trophoblast cells (Degrelle et al. 2005) and regulates multiple trophoblast genes, including IFNT (Sakurai et al. 2009 (Sakurai et al. , 2010 Schiffmacher and Keefer 2013) . However, it has also been reported that CDX2 did not affect IFNT expression in a CDX2-knockdown Day 14 conceptus (Berg et al. 2011) . In the present study, expression of CDX2 was lower in in vitro than in vivo embryos on Day 14, whereas IFNT expression did not differ significantly between the two groups on Days 14, 17 and 23. From Day 14 to Day 20, the IFNT mRNA increased gradually and then declined, both in vivo and in vitro. Such changes in IFNT expression are consistent with a previous report (Ealy and Yang 2009) . Our results showed that IFNT expression may not be regulated by CDX2 but, rather, by some hitherto unknown system. Expression of PL and PRP1 genes was detected on Day 20, and expression levels increased on Day 23 in both in vivo and in vitro embryos. Binucleate cell clusters were not found on Day 20, but were present on Day 23. In these clusters, both PLpositive and -negative cells were present. These results led to the hypothesis illustrated in Fig. 8 . We speculate that the trophoblast cells predestined to become binucleate cells appeared before Day 20, then proliferated, forming clusters; then, a portion of the cells began to express PL on Day 20 and PL-positive and -negative cells subsequently differentiated Fig. 7 . Immunofluorescence staining for placental lactogen (PL). Day 23 embryos produced in vivo and in vitro were stained with a polyclonal anti-PL antibody (green; a, d, g, j) ; nuclei were counterstained with propidium iodide (PI; red; b, e, h, k) . (c, f, i, l) Merged images. into binucleate cells simultaneously. In future studies we shall attempt to clarify the relationship between binucleate cell clusters in the embryo and during formation of the placentome.
Various cell lines have been established from bovine blastocysts in order to investigate the differentiation and function of trophoblast cell linages (Talbot et al. 2000 (Talbot et al. , 2008 Shimada et al. 2001; Hambruch et al. 2010; Suzuki et al. 2011) . One of these cell lines, BT-1, can differentiate into bovine placental-specific binucleate cells (Shimada et al. 2001; Nakano et al. 2002; Suzuki et al. 2011) , and a previous cDNA microarray analysis showed that the gene expression profile of BT-1 cells was similar to that of trophoblast cells during the peri-implantation period (Ushizawa et al. 2005) . Although these trophoblast cell lines are a useful research tool to clarify the mechanism of implantation and the maintenance of pregnancy, it is difficult to analyse changes in the embryo along a developmental time axis and/or the interaction of endoderm-and mesoderm-derived cells. More detailed analyses will become possible through the use of both BT-1 cells and the culture system developed in this study. Furthermore, the extended embryo culture allows us to biopsy a sufficient number of cells for genome-wide analyses related to economic traits before embryo transfer (Fujii et al. 2017) . Therefore, the establishment of a post-hatching culture system could be a valuable application in cattle breeding in future research.
In conclusion, our culture system partially reproduced the differentiation process of trophoblast cells from blastocysts to elongated embryos in vivo.
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